We realized hologram storage within a 0.07-cm 2 light spot in thin layers of polyvinyl alcohol matrices doped with Methyl Orange dyes preirradiated by the 488.0-nm line of an Ar-ion laser with two orthogonal linearly polarized 632.8-nm light beams. By rotation of the sample, multiple-hologram storage was achieved. By controlling the writing time, we have recorded three-hologram and f ive-hologram images in the same light spot. The mechanism of the multiple-hologram storage in Methyl Orange -doped polyvinyl alcohol thin f ilms is discussed.
In recent years, extensive studies on the azo-dye molecules in polymer hosts have been performed because of their erasable optical memory function, low cost, and easy preparation. It has been demonstrated that azo-dye/polyvinyl alcohol (PVA) films are polarization-sensitive optical recording material. [1] [2] [3] At present, most studies focus on the 514.5-nm line of an Ar-ion laser acting as a writing beam in real-time and permanent storage. [1] [2] [3] [4] [5] However, optical information storage can be performed by the 632.8-nm line of a He -Ne laser for Methyl Orange-(MO-) doped PVA thin films preirradiated by the 514.5-nm line of an Ar-ion laser. 6 Thus the writing beam is changed to a red wave band from a blue-green wave band, which is important for practical application. Here we report experimental studies of multiple-hologram storage for MO/PVA thin films preirradiated by the 488.0-nm line of an Ar-ion laser. Our studies show that MO/PVA thin films preirradiated by the 488.0-nm line of an Ar-ion laser are sensitive to red light and its polarization. The realized holographic storage is due to the formation of a phase grating by means of modulated polarization of molecules. If several different gratings are formed at the same storage region, multiple-hologram storage can be realized, which is of interest for increasing storage density. The mechanism of the multiple-hologram storage was also studied.
The samples are prepared as follows: Saturated water solutions of PVA and MO are prepared at 80 ± C, and the two solutions are mixed and poured onto clean horizontal glass slides. The solution slowly dries for 24 h. Our MO/PVA films have a thickness of 50 mm at a dye concentration of 0.08 wt. %. The writing beams are two orthogonal linearly polarized 632.8-nm beams of a He -Ne laser, with an intersection angle of 5 deg. The spot area at the sample is approximately 0.07 cm 2 . The 488.0-nm line of an Ar-ion laser acts as a preirradiating light; its power density is 140 mW/ cm 2 and its spot area is slightly larger than that of the writing beams. The procedure for storing the multiple hologram is as follows: The sample is irradiated for 10 s under the 488.0-nm beam, the Ar-ion laser is turned off and immediately the writing beams are turned on for 1 s, the writing beam is shut and the sample is rotated 10 deg, the writing beam is turned on again for 2 s, then the writing beam is shut and the sample is rotated another 10 deg and the writing beam is immediately turned on for 3 s. After this procedure we use one writing beam as the reconstruction light and use a camera to record the diffraction images of the three holograms on screen (Fig. 1) . To investigate the readout light erasing effect for the holograms, we measure the diffraction signal of the grating versus the readout time for only one hologram and for three holograms at the same storage region (Fig. 2 ). In the experiment the hologram was reconstructed by one writing beam, the diffraction signal was received by a photodiode, and an X-Y recorder was used to record the diffraction signal dependence on readout time.
We find that optical information cannot be stored by two beams of a 632.8-nm He -Ne laser before the sample is irradiated: we may use two orthogonal linearly polarized 632.8-nm beams writing optical information only after the sample is irradiated by the 488.0-nm line of an Ar-ion laser. We measure the smallest rotation angle of the sample that produced two distinguishable holograms to be 2 deg. The average diffraction eff iciency of the three holograms is approximately 0.1%. The multiple-hologram images are erasable with 488.0-nm wavelength light. Many thousands of write/read/erase cycles can be repeated without apparent fatigue at the same storage region. The physical process of the multiple-hologram storage can be explained as follows: It is well known that MO dye is a kind of photochromic material. 7, 8 When the sample is irradiated by the 488.0-nm line of an Ar-ion laser, a trans-form isometric MO molecule in the ground state absorbs a photon and is promoted to the singlet excited state, from which the isometric transformation from the trans-to-cis form takes place by rotation around the double bonds. 9 In practice, the number of cis-form isomers will increase and saturate with an increase in the irradiating time. On the other hand, because the cis isomer is thermally unstable at room temperature, part of the cis-form isomers will return to trans-form isomers after the preirradiating light is turned off. However, the ratio of trans-to-cisform isomers is different before and after the sample is preirradiated. A number of cis-form isomers will not immediately return to the trans-form state because of the long lifetime of cis-form isomers in the PVA matrices. 10 Because the cis-form isometric MO molecule is sensitive to 632.8-nm light and its polarization, the grating produced by modulated molecular orientation can be formed by two orthogonal linearly polarized 632.8-nm beams. Part of the cis-form isomers will return to trans-form isomers as a result of cis-form isomers' being sensitive to 632.8-nm light during the writing process, but the modulated molecular orientation of the cis-form isomers will be kept. Thus the grating is formed. Since trans-form isomers have no detectable absorption of 632.8-nm light (see Fig. 3 ), this grating is a phase grating formed by modulated orientations of molecules. After the first hologram is written by orthogonal linearly polarized 632.8-nm light beams, the sample is rotated 10 deg; then, making use of the remaining cis-form isomers, we can store the second hologram at the same recording region. This process can be repeated until the number of cis-form isomers is not enough to form an effective grating.
The smallest rotation angle of the sample that produced two distinguishable holographic images was 2 deg. But, as the number of cis-form isomers and lifetimes is finite, we cannot form 90-hologram images at the same storage region by rotating the sample 90 times. In order to get homogeneous diffraction eff iciency for three holograms, we used writing times of 1, 2, and 3 s successively. The three gratings have almost the same diffraction efficiency, which is approximately 0.1%. At the same recording region, five-hologram storage has been formed by rotation of the sample. The experimental results indicate that holograms are long lived: they can be kept for more than 6 months at room temperature. The experimental results from curve a of Fig. 2 indicate that the diffraction eff iciency of the grating rapidly decreases in 10 s during the process of the readout, then gets to a stable value that remains practically unchanged for a long time. It can be demonstrated that a 632.8-nm readout beam can only weakly destroy a grating. Two physical reasons explain our experimental observation. First, part of cis-form isomers will return to trans-form isomers induced by 632.8-nm light during the process of the readout; these molecular orientations will depend on the polarization directions of the reconstruction light, which are different from those of the molecules that formed the grating. Second, cis-form isomers are thermally unstable, and part of them will also return to trans-form isomers; however, their orientation will be random in the storage region. These two reasons make the diffraction eff iciency of the grating rapidly decrease in 10 s. The diffraction eff iciency of the grating gets to a stable value when the almost nonequilibrium cis-form isomers return to trans-form isomers. This stable diffraction efficiency results from a phase grating formed by polarizationmodulating molecular orientation. After we finish multiple-hologram storage, almost nonequilibrium cis-form isomers return to trans-form isomers; these nonequilibrium cis-form isomers are effectively used to form multiple gratings in 10 s. In the experiment we have observed that the diffraction signal intensity of one of the three holograms (Fig. 2, curve b) has less change than that of the grating formed in 10 s (Fig. 2, curve a) . During the process of the multiplehologram storage, we have observed that the diffraction signal of the earliest gratings has little change during later recording. This is due to the cis-form isomers' being thermally unstable. On the other hand, although the sample has been rotated, the direction of the different grating is different, so the diffraction directions of the different gratings can be distinguished; later gratings will partly overlap former gratings. This will also give rise to a decrease in the signal-to-noise ratio for the grating, but the earlier grating cannot be erased during the later writing process. Since trans-form isomers have no detectable absorption for red light, those trans-form molecules coming from cis-form isomers induced by two orthogonal linearly polarized 632.8-nm writing beams will not take part in the next storage process, but their modulated orientation can be kept. The molecules that contribute to the next grating are the remaining cis-form isomers, so a later grating has a weak effect on the previous gratings.
In summary, the experimental results of multiplehologram storage for a MO/PVA sample preirradiated by the 488.0-nm line of an Ar-ion laser and a study of its mechanism are reported. Preirradiating light induces photochromic reaction in the irradiated region, which produces a transformation of part of the trans-form isomers into cis-form isomers. Because cis-form isomers have a long lifetime in the PVA host and are sensitive to red light and its polarization, several different gratings can be formed in the same storage region by means of two orthogonal linearly polarized red light beams and rotation of the sample. This phenomenon is interesting and complex, so a more-detailed investigation seems to be promising.
